We demonstrate efficient current induced spin orbit torque switching in perpendicularly magnetized epitaxial MgO(001)//Pd/Co2FeAl/MgO heterostructures grown by magnetron sputtering. The advantage of such heterostructures for spin orbit torque MRAM devices is that they allow a unique combination of critical ingredients: i) low resistivity required for reduced electric energy consumption during writing, ii) high TMR ratio required for efficient reading and iii) strong perpendicular magnetic anisotropy for increased thermal stability.
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Magnetization switching by current induced spin-orbit torques (SOTs) in heavy-metal (HM) /ferromagnet (FM) heterostructures with perpendicular magnetic anisotropy (PMA) is of great research interest for the development of electrically controlled spintronic devices [1] [2] [3] [4] [5] . One of the most important application of the SOTs is the three-terminal SOT-MRAM magnetic random-access memory. In this type of device, the information is written using current induced SOTs in a bottom HM/FM electrode, while the information is read using a top magnetic tunnel junction (MTJ) structure 1, 3 . The HMs fall into two categories: high resistivity, such as Ta 2,3,5-10 or W [10] [11] [12] [13] [14] [15] [16] , and low resistivity, such as Pt 1, 4, 8, 10, [17] [18] [19] or Pd 20, 21 .
While in-plane magnetized three-terminal devices have been fabricated using Pt-based structures 22, 23 , perpendicular magnetized three-terminal devices demonstrated so far are based on either Ta/CoFeB/MgO 3,24 or W/CoFeB/MgO 25 . The reason is that they usually grow without a preferred orientation, or even in an amorphous state. This allows the (001) crystallization at the CoFeB/MgO interface during subsequent annealing stages, which is essential to achieve a high magneto-resistive ratio 26 and a strong PMA 27 . However, the use of low resistivity HMs (Pt or Pd) is more desirable, because it reduces the Ohmic losses. The difficulty is that, when grown directly on Si/SiO2 substrate or on a Ta buffer layer, the (111) fcc crystal face is energetically favorable and thus the (111) texturing is promoted. For our study, we used samples consisting of MgO (001)/Pd (tPd)/ CFA (tCFA)/ MgO (1nm)/Ta (2nm).
To obtain a complete analysis in terms of structural properties, SOTs amplitudes and magnetization switching we have varied the CFA thickness. Pd thickness is also varied in order to probe the thickness dependence of the SOTs. The samples were grown using a magnetron sputtering system having a base pressure lower than 2×10 -8 Torr. The metallic layers were grown by dc sputtering under an Ar pressure of 1 mTorr, while the MgO layer was grown by rf sputtering under an Ar pressure of 10 mTorr. The 2 nm thick Ta capping layer was deposited to protect the samples from oxidation due to atmospheric exposure.
The structure of the samples was characterized by x-ray diffraction (XRD) experiments using a four-circle diffractometer. For magneto-transport measurements the stacks were processed by UV lithography and Ar ion milling into Hall bar devices with a channel size of 20×10 μm 2 .
The XRD measurements were performed on relatively thick Pd (8 nm)/ CFA (10 nm)/ MgO (1nm) samples; they allow to verify that the growth is epitaxial. Since the epitaxial growth is initiated at the MgO/Pd interface, our observation that the thick samples are epitaxial implies that the thinner ones, which cannot be analyzed directly using conventional XRD, are also epitaxial. In order to quantify the spin orbit torques, we decrease the CFA thickness down to 2 nm. This thickness is ideal for determining the SOTs using the harmonic Hall techniques for in-plane magnetized materials. A further decrease of thickness is required for our last experiment for which we need perpendicular magnetic anisotropy. Here, we probe the SOT magnetization switching using magneto-optical Kerr effect. In order to characterize the torques, we obtain in-plane magnetized samples by depositing stacks with a CFA layer thickness of 2 nm. We have also varied the thickness of the Pd layer from 1 to 10 nm. First, we evaluate the electrical resistivity of the samples. The SOTs were evaluated using the harmonic Hall method developed by Avci et al. 30 , which has the advantage of providing a straightforward method of excluding the thermo-electric effects. The measurement geometry is shown in Fig. 3(a) . Hall resistance and is the azimuthal angle of the magnetization from the current direction [ Fig. 4(a) ].
Since the samples have a relatively weak in-plane uniaxial anisotropy, the azimuthal angle of the magnetization is practically identical to the azimuthal angle of the field [ Fig. 3(a) ]. The second harmonic Hall resistance R2ω contains information about the SOT effective fields and it is given by The samples are patterned into the same shape as for the torque measurements (asymmetric Hall crosses), only this time, in order to maximize the current density, the electric current pulses were applied along the narrower arm of the cross. A static in-plane magnetic field ( ) was applied parallel to the electric current to allow bipolar SOT switching. The magnetization reversal was probed by wide field Kerr microscopy. A perpendicular magnetic field, larger than the coercive field of the device, was applied before injecting the electric pulses to ensure a fully saturated initial state. The image of the saturated state is used as a reference image, which is subtracted from images obtained after further applying current. The resulting differential images contain only the magnetic contrast of the reversed areas. 
